Abstract: Activation of the first sphingosine-1-phosphate receptor (S1PR 1 ) promotes permeability of the blood brain barrier, astrocyte and neuronal protection, and lymphocyte egress from secondary lymphoid tissues. Although an agonist often activates the S1PR 1 , the receptor exhibits high levels of basal activity. In this study, we performed long-timescale molecular dynamics and accelerated molecular dynamics (aMD) simulations to investigate activation mechanisms of the ligand-free (apo) S1PR 1 . In the aMD enhanced sampling simulations, we observed four independent events of activation, which is characterized by close interaction between Y311
Introduction
Sphingosine-1-phosphate (S1P) is a zwitterionic ligand derived by the degradation of ceramide and the subsequent phosphorylation of sphingosine by either of two kinases, sphingosine kinase 1 or 2. 1 S1P has low solubility in water and inserts itself into the plasma membrane to signal through five Gprotein coupled receptors (GPCRs), S1PR [1] [2] [3] [4] [5] .
1 S1P
signaling influences a number of physiological processes in the cardiovascular, renal, and lymphatic systems. 1 Activation of the S1PR 1 by S1P promotes the permeability of the blood brain barrier, astrocyte and neuronal protection, and lymphocyte egress from secondary lymphoid tissues. 2 During lymphocyte egress, the S1PR 1 acts as a chemoattractant receptor. In secondary lymphoid tissues, there is an S1P gradient. S1P levels are low where T cells enter the lymphoid tissue. In comparison, they are high in the exit region, or the medullary sinus, and the blood. 2 When the S1P concentration is high, the S1PR 1 expression levels on the plasma membrane are low. [3] [4] [5] When the S1PR 1 is activated, it couples to Ga i and ultimately leads to the internalization and recycling of the receptor. 1 The inactive structure of the S1PR 1 was crystalized while fused to a T4 lysozyme in complex with the antagonist ML056. 6 As with all class A GPCRs, the structure consists of seven transmembrane helices (TM1-7) that are connected by three extracellular loops (ECL1-3) and three intracellular loops (ICL1-3). One novel feature in this structure is that the receptor-ligand binding pocket is occluded by an alpha helical N terminus. 6 X-ray structures have been determined for several GPCRs in the active form, including the b 2 adrenergic receptor (b 2 AR), 7 rhodopsin, 8 the M 2 muscarinic receptor, 9 and the l-opioid receptor. 10 Activation of these GPCRs is characterized by a rearrangement of TM5, TM6 and TM7, to accommodate the G Protein or mimetic nanobody in the intracellular pocket. 7, 8, [10] [11] [12] Several micro-switches are involved in this rearrangement, including a dihedral switch of the conserved W 6.48 , the inward movement of the NPxxY motif, and a conformational change of the DRY motif. 7, 8, [10] [11] [12] [13] The rearrangement of TM5, TM6, and TM7 leads to close interaction between the Y 5.58 and Y 7.53, either through a direct or water-bridged hydrogen bond, and a separation of the TM3 and TM6 cytoplasmic ends compared to the inactive structures.
Computational tools have been used to determine the activation and deactivation pathways of several GPCRs, [14] [15] [16] [17] [18] [19] [20] and have correctly predicted the features of active structure of GPCRs. 11, 16 The activation of the S1PR 1 bound to the S1P agonist was investigated in two previous computational studies using conventional molecular dynamics (cMD). 17, 20 In both cases, activation of the S1PR 1 is initiated by a rotameric conformational change in W269 6 .48 from the gauche to the trans conformation due to agonist binding. 17, 20 This switch leads to the rearrangements of several residues including conserved D91 2.50 and N307 7.49 of the NPxxY motif, 20 and interactions between the TM1-TM4 and TM2-TM7 helices. 17 Particularly, the rearrangement of the NPxxY motif facilitates influx of the cytoplasmic waters, which precedes the intracellular rearrangement of TM5, TM6, and TM7. 20 The S1PR 1 exhibits high levels of basal activity, 21 but activation of the receptor in the ligand-free (apo) form has not been investigated. Activation of a GPCR without ligand binding has yet to be observed using cMD methods. In a study by Miao et al., 16 the activation pathway of the apo M 2 muscarinic receptor was captured through accelerated molecular dynamics (aMD) simulations. aMD enhances conformational sampling of the protein by applying a boost potential to the system when the potential energy falls below a threshold. 22, 23 16 The subsequent release of the active X-ray M 2 receptor supported these predictions. 9, 24 In this study, we performed extensive cMD and aMD simulations to explore the dynamics of the apo and antagonist-bound forms of the S1PR 1 . We uncovered the basal activation pathway of the S1PR 1 . Interactions between Y311
7.53 and Y221 5.58 and water molecules during receptor activation are discussed. Additionally, our simulations revealed the entry of a lipid molecule, which may provide important insights into the ligand-binding pathway.
Results

System dynamics
The S1PR 1 crystal structure (PDB: 3V2Y) with the antagonist ML056 bound and unbound (apo) were used as a starting structure for six cMD simulations. The final structures from the first cMD simulation of the antagonist-bound and the first cMD simulation of the apo receptor were used as starting structures for six total aMD simulations (Supporting Information Table SI ).
In the cMD simulations, the root-mean-square deviations (RMSDs) of all atoms of the S1PR 1 relative to the starting structure leveled off to $4 Å after 20 ns for both the antagonist-bound and apo forms (Supporting Information Fig. S1 ). In comparison, the aMD simulations sampled a larger conformational change of the receptor. The protein RMSDs leveled off to 9-12 Å after 125 ns for the antagonistbound simulations [Supporting Information Fig.  S1(A) ]. The protein RMSDs for the aMD simulations of the apo receptor leveled off to 8-10 Å after 125 ns for the second and third simulations and after 200 ns for the first aMD simulation [Supporting Information Fig. S1(B) ]. Considering the root-meansquare fluctuations (RMSFs), the most flexible regions of the protein were found in the loops, especially the third intracellular loop (ICL3), and the Nand C-termini (Supporting Information Fig. S2 ) in the cMD and aMD simulations. The TM2-7 helices were less flexible. TM1, connected to the N-terminal helix, was flexible in the aMD simulations. Overall, applying aMD to the S1PR 1 enhanced the molecular dynamics of the receptor.
Because of inherent flexibility of the loop regions, we performed the principal component analysis (PCA) using backbone atoms of the TM helices. We generated the principal component (PC) space by combining the trajectories from all the cMD and aMD simulations with a sampling frequency of 20 frames for a total of 134, 746 data points. The individual simulations were then projected onto this PC space (Supporting Information Fig. S3) . Notably, the aMD simulations sampled significantly larger conformational space than the cMD simulations. While the three cMD simulations of the apo and antagonist-bound receptor forms were restricted to locally clustered regions, the aMD simulations sampled unique and widely spread regions [Supporting Information Fig. S3(A,B) ]. Relative to the crystal structure, projection of aMD simulation 1 and 2 of the apo receptor along PC1 corresponded to rotation of the TM7 helix and intracellular titling of the TM1, TM2, TM3 and TM6 helices [Supporting Information Fig. S3(C) ]. Moreover, PC2 accounted for extracellular tilting of the TM1 helix (largely due to high fluctuations of that region), the intracellular tilting of the TM1, TM3, TM4, TM5, and TM6 helices, and rotation of the TM7 helix [Supporting Information Fig. S3(D) ].
Activation of the S1PR 1 receptor
Because the S1PR 1 receptor exhibits high levels of basal activity experimentally, 21 we examined whether the apo receptor became active during our simulations. Previous studies of the apo M 2 receptor have demonstrated that enhanced sampling methods can accurately predict the activation of a GPCR. 16 In this case, we defined activation as close interaction between Y311 7.53 of the NPxxY and Y221 5.58 , and an increased distance between the TM3 and TM6 intracellular ends (Fig. 1) . Using this metric, activation occurred one time in the first aMD simulation of the apo receptor during 239-330 ns, and three separate times in the second aMD simulation of the apo receptor during 8-26 ns, 94-112 ns, and 144-190 ns [ Fig. 1(A,B) 
Correlated movements during activation
Next, we performed a cross correlation analysis using the simulation trajectories that captured the S1PR 1 activation (Fig. 2 , lower triangle). Additionally, we calculated the difference between the correlations of the receptor activation trajectories and the control (cMD simulation of the antagonist-bound receptor) to isolate the correlations that were specific to activation (Fig. 2 , upper triangle). This analysis determined which regions or specific residues of the receptor were most or least correlated during receptor activation. In general, TM3, TM5, TM6, and TM7 are the transmembrane regions that are mostly associated with GPCR activation, but this study showed that their movements are not necessarily correlated with each other. The motions of TM3 during activation were associated with the intracellular and extracellular ends of TM6, and the extracellular and central ends of TM7, but not with TM5. The middle region of TM5 had a low correlation with each region of the receptor, except TM6 ( Fig. 2 , lower triangle). This was also confirmed in the correlation difference, which showed a negative difference compared to the control ( During activation, strong hydrophobic interactions were formed between TM3 and TM2, and TM2 and TM1, as shown with previous study. 13, 17 The correlations between these respective TM regions increased during activation (Fig. 2, upper triangle) . The N-terminus and TM2 were correlated with each region of the receptor, except TM5 and ICL2, suggesting that the N-terminus has a role in activation.
Motions of the toggle switch, W269 6.48 According to the cross correlation analysis, W269 6.48 was not explicitly associated with activation. Previous studies, however, showed that the v 2 dihedral angle represents a rotameric switch that occurs during activation. 12, 17, 20, 25 In all of the cMD apo simulations, during which the receptor adopts the intermediate conformation, W269 6.48 maintained a gauche (2) dihedral conformation (0 v 2 120). This was also true for the third aMD apo simulation (Fig. 3) . As a result, activation did not occur in these simulations. In the first and second aMD apo simulations, the v 2 dihedral switched from the gauche (2) to the trans (2180 v 2 2120) conformation, and maintained these conformations for the remainder of the simulations (Fig. 3) . This suggests that W269 6 .48 must be in the trans position for activation to occur (Fig. 3) . The motions of W269 6.48 were highly correlated with M124 3.32 , R120 3.28 , and E121 3.29 , and the correlations increased during activation (Fig. 2) . This suggests that even in the absence of a ligand, the binding pocket plays a central role in the activation process.
Water channel
Water dynamics have been shown to be an important aspect of GPCR activation. [18] [19] [20] 26 In this study,
we calculated both the total number of water molecules surrounding Y221 5.58 and Y311 7.53 (Fig. 4) , and the hydrogen bond interactions between these water molecules and the protein residues (Supporting Information Fig. S7 ), for the cMD apo, aMD apo, cMD holo, aMD holo, and active trajectories separately. The active trajectories are defined as 239-330 The number of water molecules that entered the intracellular pocket of the S1PR 1 was dependent on the receptor activation. While the number of water molecules surrounding Y221 5 .58 peaked at zero for each of the receptor simulations, four water molecules were found in this pocket on average when the receptor adopted active conformation in aMD simulation of the apo receptor [ Fig. 4(A) ]. Moreover, the number of water molecules surrounding Y311 7.53 peaked at zero for all of the simulations [ Fig. 4(B) ]. However, the cMD and aMD simulations of the apo receptor had a second peak of four water molecules in this intracellular pocket surrounding Y311 7.53 .
When the apo receptor adopted the active conformation in the aMD simulations, it exhibited a low probability (0.04) of having zero water molecules in the Y311 7.53 pocket, and had an average of five water molecules surrounding this residue, suggesting that more water molecules entered this intracellular region during receptor activation.
The residency time of a water molecule near a particular region or pocket of the receptor can determine if water has an allosteric effect on the receptor. 27 The water molecules, largely due to highly dynamic fluctuations of the water molecules (Tables I and II) .
Lipid entry
Surprisingly, during every simulation, except the first aMD simulation of the antagonist-bound receptor, a palmitoyl-oleoyl-phosphatidyl-choline (POPC) lipid molecule was observed to interact closely with the extracellular ends of TM1 and TM7 of the receptor and, at certain points to enter the receptor ( Fig.  5 and Supporting Information Fig. S8 ). This region is the proposed ligand binding site for S1PR 1 . 6 The distance between the extracellular end of TM1 and TM7 is 13.5 Å in the crystal structure, but this distance increased during the simulations (Supporting Information Fig. S8 ). The average overall residency times, and standard deviation times are shown. The residency times of the top 5 longest water molecules are listed.
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[Supporting Information Fig. S8(D) ]. The increased distance between TM1-TM7 led to opening of the receptor, which allowed entry of the POPC molecule [ Fig. 5(A) ].
In the cMD simulations of the apo and antagonist-bound receptor, there was likely one or more POPC molecules in the receptor [ Fig. 5(B) ]. The POPC molecules interacted with the receptor with direct hydrogen bonds (Supporting Information  Fig. S9 ). In the aMD simulations of the apo and antagonist-bound receptor, there were fewer POPC molecules found in this region [ Fig. 5(B) and Supporting Information Fig. S9 ]. The number of hydrogen bonds, particularly formed between POPC and residues K46 1.33 , K41 N-TERM and Y295 7.37 , peaked at one or two [ Fig. 5(A) and Supporting Information Fig. S9 ]. In the active state, a maximum of one POPC molecule entered the site. Comparatively, in the aMD simulations of the apo receptor, a maximum of five POPC molecules were seen interacting with this region. This suggested that activation of S1PR 1 reduces the affinity for lipid molecules in this region of the receptor.
Comparison to other known structures of active GPCRs
Next, we decided to compare our simulation-derived active S1PR 1 with known X-ray structures of active GPCRs. We aligned the backbone atoms of the TM regions using active b 2 AR in complex with the heterotrimeric G protein as the reference structure. 7 We aligned active structures of rhodopsin, 8 (Supporting Information Fig. S10 ). Our simulationderived active S1PR 1 had an RMSD of 2.64 Å compared to the active b 2 AR, being similar to other active GPCRs.
Discussion
Similar to several other GPCRs, S1PR 1 exhibits high levels of basal activity. 21 In this study, we characterize activation of the apo (ligand-free) receptor from the aMD enhanced sampling simulations. We identify residues that correlate with activation, explore the water network that occurs in basal activation and examine the interactions between lipid molecules. A previous study of the apo M 2 receptor demonstrates that aMD can predict the activation of a GPCR, when compared to the active crystal structure. 11, 16 The aMD simulation of the M 2 receptor predicted the relocation of the Y 7.53 and Y 5.58 side chains towards each other. 16 The aMD simulation of the M 2 receptor also predicted a flipping of Y 7.43 and relocation of W 6.48 , which were not seen in the crystal structure.
11,16
Activation in GPCRs is characterized by a structural rearrangement of TM5, TM6 and TM7 helices. 7, 8, [10] [11] [12] either through a direct or water-bridged hydrogen bond, and a separation of TM3 and TM6 compared to the inactive structures. In this study, the activation of the S1PR 1 occurs four separate times, once during the first aMD simulation of the apo receptor and three times during the second aMD simulation of the apo receptor. Unlike previous MD studies of the S1PR 1 , 17,20 the metric for activation in this current study is defined as a small distance (<5 Å ) between Y311 This distance reaches 25 Å in the present study, although previous studies of the dynamics of the S1PR 1 suggest that the TM3-TM6 distance is flexible and more indicative of an intermediate stage rather than a fully active receptor.
17
After isolating the active trajectories, we decided to explore the correlation between the residues of the protein. The cross correlation analysis reveals interhelical interactions between TM1 and TM2, and TM2 and TM3 that have been seen in previous studies. 12, 13, 17 The cross correlation analysis also reveals the involvement of the residues of the binding site in activation. M124 3.32 , R120 3.28 , and E121 3.29 exhibit increased correlations with W269 6.48 . W 6.48 is known as a GPCR toggle switch, which triggers the rearrangement of TM6. 17, 20, 25 In this study, W269
6.48 maintained a v 2 gauche (2) conformation in the three cMD apo simulations and the third aMD apo simulation. Before activation, W269 6.48 switched from a v 2 gauche conformation to a v 2 trans position, which is similar to a previous S1PR 1 activation study. 17 In comparison, in the S1PR 1 -S1P activation study by Yuan et al., W269 6.48 maintained a v 2 gauche (2) position in the apo simulation, while the W269 6.48 in both antagonist and agonist bound simulations fluctuated between a gauche (2) position and a trans position. 20 Several studies have examined the water channel of GPCRs during activation. [18] [19] [20] 26 All of the previous S1PR 1 activation studies simulated activation with an agonist bound to the receptor. In this study, we explore the water channel of the receptor in the apo form, and find a similar correlation between water dynamics and receptor activation. During activation of the apo receptor, Y311 Overall, the intermediate step of activation of the S1PR 1 needs to be presented for further studies. During 11 out of 12 MD simulations, a zwitterionic POPC molecule interacts with residues surrounding the extracellular end of TM1 and TM7. This is consistent with previous findings. A previous computational study showed that 2-arachidonoylglycerol (2-AG) enters the cannabinoid CB2 receptor between TM6 and TM7, and can partition through a POPC lipid bilayer to do so. 31 Additionally, 11-cis-retinal enters opsin between TM5 and TM6 and exits the receptor between TM1 and TM7. 32 Lipid molecules interact with S1PR 1 regardless of ligand entry. However, the molecules are less likely to interact with this site during the active state of the receptor during the aMD simulations of the apo receptor. This is unlike previous computational studies that showed that lipid molecules in the bilayer can stabilize the receptor in the active state. 33 A computational study showed that both the zwitterionic POPC and anionic palmitoyloleoyl-phosphotidyl-glycerol (POPG) entered the 16 b 2 AR receptor between TM6 and TM7, except during the deactivation process. 33 Based on the findings in this study, apo activation is initiated by a rotameric switch of W269 6.48 5.58 . This movement opens up the internal water channel, which leads to an increase in the TM3-TM6 distance, making space for G protein binding.
Methods
The Ballesteros and Weinstein numbering format of GPCRs, X.YY, was applied to label the relative location of specific residues in S1PR 1 . "X" denotes the transmembrane helix number and "YY" represents the location of the residue in the transmembrane helix related to the most conserved residue (denoted 50). 34 
System setup
The S1PR 1 X ray structure determined at a 2.80-Å resolution was used for the simulations. The receptor was in complex with the antagonist ML056 and fused to a T4 lysozyme in place of ICL3 (PDB:3V2Y). 6 The T4 lysozyme was removed and the missing residues, including the ICL3, were added using Prime in the Schrodinger package. 35 For the apo state, the ligand was removed to obtain the starting structure. The system topologies were generated using the psfgen plugin in VMD. 36 The CHARMM36 force field parameters were used for the protein and lipid molecules. 37 CHARMM ParamChem generated the force field parameters for the antagonist, ML056. 38 The two disulfide bonds, Cys184-Cys191 and Cys282-Cys287, that were resolved in the crystal structure were maintained for simulation. The receptor was embedded into a POPC lipid bilayer. The TIP3P water molecules were added using the solvate plugin in VMD 36 to solvate the membrane-protein system.
The net charge of the system was neutralized with 0.15 M NaCl. The resulting ML056-bound S1PR 1 system had a total of 170 POPC lipid molecules, 32 sodium ions, 39 chloride ions and 5,392 water molecules with a total of 91,503 atoms. The apo system had 169 POPC molecules, 49 sodium ions, 53 chloride ions and 5,410 water molecules with a total of 88,094 atoms. Periodic boundary conditions were applied to both simulation systems.
Molecular dynamic simulations
Three independent cMD simulations were initially performed for each starting system, ML056-bound and apo (Supporting Information Table SI), using NAMD 2.9. 39 The cutoff distance for the van der Waals and short range electrostatics was 12 Å , and the particle mesh Ewald method was applied for the calculation of long range electrostatic interactions.
40
A 2-fs time step and a multiple-time-stepping algorithm 39 were used with bonded and short range non bonded interactions computed for each time step, and long range electrostatics every two-time steps. The SHAKE algorithm was applied to the hydrogencontaining bonds. 41 Initially, the lipid tails for each simulation were minimized for 1,000 steps and simulated for 0.5 ns with NVT at 300 K. Next, the protein atoms were relaxed for 0.5 ns with NPT conditions with 2 kcal (mol Å 22 ) 21 harmonic restraints applied. Each system was equilibrated for 0.5 ns with everything released in NPT conditions at 310 K. The production runs for all six simulations were run for 200 ns each in NPT conditions.
Accelerated molecular dynamics
Three dual-boost aMD simulations of the antagonistbound receptor were initiated with different velocity assignments from the final structure of the first cMD antagonist-bound simulation, and three dualboost simulations were similarly initiated from the final structure of the first cMD simulation of the apo receptor. 22, 23 In aMD, a boost potential, DV(r), is added when the potential energy, V(r), of a system falls below a user-defined threshold, E.
DV Ã ðrÞ 5VðrÞ; VðrÞ ! E
V ÃðrÞ 5VðrÞ1DVðrÞ; VðrÞ < E
The boost potential is defined as:
where a is the acceleration factor. In dual-boost aMD, a boost is applied to the dihedrals of the system and to the total energy of the system. 22 
For these simulations, k was 0.3. The first antagonist-bound and apo aMD simulations ran for 384 and 335 ns, respectively, while the other two antagonist-bound and apo simulations ran for 200 ns each (Supporting Information Table SI) .
Analysis
Unless otherwise stated, all analysis on the cMD holo, aMD holo, cMD apo, aMD holo, and aMD active simulations were calculated with a sampling frequency every 20 frames, or 0.2 ns.
Potential of mean force
The PMF was calculated from the aMD simulations, which enables us to determine the low-energy conformations of the receptor. This analysis is qualitative without energetic reweighting and thus not quantitative. The aMD simulations of the antagonist bound and apo receptors were analyzed separately. Every frame was sampled for a total of 392,564 data points in the antagonist-bound and 393,931 data points in the apo simulations. The reaction coordinates, distances between the intracellular ends of TM3 and TM6 and distance between Y311 7.53 and Y221 5.58 , were chosen to characterize activation of the receptor. The PMF was calculated with the following equation: 42 Aðf J ; f I Þ52k B Tln ðqðf J ; f I ÞÞ
where n J and n I are the reaction coordinates, k B is the Boltzmann constant, T is the temperature, and q is the probability distribution. The grid size for this analysis was 1 by 1 Å [ Fig. 1 (C) and Supporting Information Fig. S4 ]. If there were no data points in the certain grids, the corresponding PMF was considered infinity. To verify convergence, we calculated the PMF with a grid size of 3 Å by 3 Å (Supporting Information  Fig. S11 ). This plot showed the same general pattern, seen in the original PMF [ Fig. 1(C) ].
Hydrogen bonds
Hydrogen bonds between the protein and water molecules or the protein and POPC molecules were calculated using the VMD HBond plugin. 36 An interaction was considered a hydrogen bond if the donor-acceptor distance was <3 Å with an angle cutoff of 208.
Generalized cross correlation
Generalized cross correlation 43 values were calculated using the g_correlation module in GROMACS. 44 Generalized cross correlation can identify linear and nonlinear correlated motions of protein residues. Only the Ca atoms in protein residues were included in the analysis. The difference in cross correlation was calculated by subtracting the correlation value of the cMD antagonist-bound simulations at a sampling frequency of 20, from the values during the activation events, defined as 239-330 ns in the aMD simulation 1 of the apo receptor and 8-26 ns, 94-112 ns, and 144-190 ns in the aMD simulation 2 of the apo receptor.
Water residency
The water residency times for each water molecule within 5 Å of Y221 5.58 and Y311 7.53 were calculated with the following equation:
X N n51 T n;i ; T n;i ! 0:04 ns
where Res i is the residency time in ns for each water molecule i, N is the total number of frames, T n,i is 0.02 ns for each consecutive frame (above 0.04 ns) where water molecule i is within 5 Å of the residues, and 50 is the number of frames/ns. Each water residency time for a water molecule is counted. The average residency time is calculated with:
Res i (10) where Res avg is the average residency time, N w is the total number of water molecules, and Res i is the residency time in ns for each water molecule, i.
